GENETICS 



MINI REVIEW ARTICLE 

published: 09 July 2014 
doi: 10. 3389/fgene. 2014.00219 



Role of microRNA-146a in normal and nnalignant 
hennatopoietic stenn cell function 

Jimmy L. Zhao^-^* and Daniel T. Starczynowslii^* * 

' Division of Biology and Biological Engineering, California Institute of Tecfinology, Pasadena, CA, USA 
' David Geffen School of Medicine, University of California, Los Angeles, CA, USA 

^ Division of Experimental Hematology and Cancer Biology, Cincinnati Children's Hospital Medical Center, Cincinnati, OH, USA 
" Department of Cancer Biology, University of Cincinnati, Cincinnati, OH, USA 



Edited by: 

Ryan Michael O'Connell, University of 
Utah, USA 

Reviewed by: 

Edward K. L. Chan, University of 
Florida, USA 

Stefan Muljo, National Institute of 
Health - National Institute of Allergy 
and Infectious Diseases, USA 

*Correspondence: 

Daniel T. Starczynov^ski, Division of 
Experimental Hematology and Cancer 
Biology, Cincinnati Children's Hospital 
Medical Center, 3333 Burnet Avenue, 
Cincinnati, OH 45229, USA 
e-mail: daniel. starczynowski® 
cchmc.org; 

Jimmy L. Zhao, Division of Biology 
and Biological Engineering, California 
Institute of Technology, 1200 East 
California Boulevard, Pasadena, 
CA 91125, USA 
e-mail: jzhao@caltech.edu 



Regulation of hematopoiesis is controlled by nnicroRNAs (miRNAs). In this review, we 
focus on miR-146a, and its role in regulating normal and nnalignant hematopoiesis. mlR- 
146a is a negative regulator of immune cell activation by repressing two targets, TRAF6 and 
IRAKI. Genetic deletion of miR-146a confirmed a role of miR-146a during innate immune 
signaling as well as for hematopoietic stem cell function. miR-146a is also implicated in 
the pathogenesis of human myelodysplastic syndromes (MDSs) as it is located within a 
commonly deleted region on chromosome 5, and miR-146a-deficient mice exhibit features 
of an MDS-like disease. With new insight into miR-146a through genetic and expression 
analyses, we highlight and discuss the recent advances in the understanding of miR-146a 
in physiological hematopoiesis during steady-state and inflammation, as well as in MDS. 
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INTRODUCTION 

Mammalian hematopoiesis is a highly regulated process involv- 
ing multipotent stem and progenitor cells giving rise to all blood 
cell types. During steady-state, hematopoiesis is in a homeostatic 
balance to ensure that newly differentiated cells replenish dying 
blood cells. At the same time, hematopoiesis is a highly dynamic 
process that can respond efficiently to external stimuli, such 
as during inflammation and infections. Under inflammatory or 
infectious states, such as part of the host innate immune response, 
hematopoietic stem and progenitor cells (HSPCs) respond by 
increasing the production of mature blood cells, particularly 
immune cells of the myeloid lineage (Baldridge etal., 2011). Reg- 
ulation of hematopoiesis is tightly controlled by transcription 
factors, chromatin remodeling factors, and small non-coding 
RNAs, such as microRNAs (miRNAs; Chen et al, 2004; O'Connell 
et al., 2010; O'Connell and Baltimore, 2012). Herein, we will focus 
on one particular miRNA, miR-146a, and its role in regulating 
normal and malignant hematopoiesis. The importance of miR- 
146a became apparent almost 10 years ago through a microarray 
screen in search of miRNAs that are regulated by NF-kB tran- 
scription factors (Taganov et al., 2006). Through target analysis, it 
became evident that miR- 146a may be an important negative reg- 
ulator of immune cell activation by repressing two targets, TRAF6 
and IRAKI, both of which are signaling transducers upstream of 
NF-kB. a mouse model with targeted genetic deletion of miR- 146a 
confirmed a role of miR- 146a during innate immune signaling 



as well as for hematopoietic stem cell (HSC) function (Boldin 
etal., 2011; Zhao etal., 2011). miR-146a is also implicated in the 
pathogenesis of human myelodysplastic syndromes (MDSs) as it 
is located within a commonly deleted region on chromosome 5 
(Starczynowski etal., 2010). In this review, we highlight some of 
the recent advances in the understanding of miR- 146a in physi- 
ological hematopoiesis during steady-state and inflammation, as 
well as its dysregulation in malignant hematopoiesis, especially 
in MDS. 

DISCOVERY OF THE miR-146 FAMILY 

miR- 146a and miR- 146b are two miRNAs of the same family. They 
have an identical seed region and putative mRNA targets, but dif- 
fer in their mature strand sequence by only two nucleotides and in 
their stem-loop secondary structure. In humans, miR-146a resides 
on chromosome 5q33.3 and miR- 146b resides on chromosome 
10q24.32, while in mice, miR-146a resides on chromosome 11 
and miR-146b on chromosome 19. The miR-146 family was ini- 
tially described as NF-kB target genes through a microarray study 
to identify miRNAs that were upregulated upon lipopolysaccha- 
ride (LPS) stimulation in THPl cells (Taganov et al., 2006). Three 
miRNAs, miR-146, miR-155 and miR-132, showed significantly 
increased expression following LPS simulation. Furthermore, a 
promoter analysis identified two functional and conserved NF- 
kB binding sites upstream of the miR- 146a gene. This finding 
identified the first NF-icB-regulated miRNA family. 
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FIGURE 1 I Control of theTRAF6 signalosome by miR-146a. Activated 
Toll-like receptor (TLR) or lnterleukin-1 receptor (IL1 R) results in the 
recruitment of MyD88 and IRAK4, which activates the serine/threonine 
kinase, IRAKI, through IRAK4-dependent phosphorylation (dashed line). 
IRAKI associates with an E3 ubiquitin ligase, TRAF6, which mediates the 
activation of the IKK complex through K63-linked polyubiquitin chains, 
resulting in NF-kB transcription factor activation. TRAF6 also regulates other 
proteins (as indicated by grey box) that may also contribute to immune 
signaling and malignancies. miR-146a suppresses IRAKI andTRAFB protein 
expression through direct binding at 3'UTR sites within IRAKI andTRAFB 
mRNAs. Reduced expression and/or deletion of miR-146a results in 
derepression of IRAKI andTRAFB protein, and increased downstream 
pathway activation resulting in reduced HSC fitness, increased 
inflammatory cytokine expression, and altered myeloid differentiation. 
miR-146a also represses STATl and CXCR4 in hematopoietic cells, which 
may also contribute to the HSC defects following deletion of miR-146a. 



EXPRESSION 0FmiR-146a IN NORMAL AND MALIGNANT 
HEMATOPOIETIC CELLS 

The expression pattern of miR-146a and miR-146b overlaps 
within certain mouse hematopoietic lineages. Their expression 
is similarly high in double-positive and double-negative thy- 
mocytes and primitive bone marrow (BM) cells (i.e., lineage 
negative BM cells) by >2-fold as compared to LSK cells (lin- 
eage negative/Scal-|-/cKit-|-). Within primitive BM cells, their 
expression is higher (~1.5 fold) in HSCs and in myeloid pro- 
genitors compared to other progenitor cell subtypes. In contrast, 
miR-146a and miR-146b expression differs in mature myeloid 
(Macl-F), erythroid (Terll9-|-), and lymphoid (CD4-I- and 
CD8-I-) cells. Although the expression of miR-146a is detectable 
in HSCs and throughout mature blood cell maturation, its expres- 
sion increases > 5-fold as HSCs mature, suggesting a potential 
role throughout hematopoietic development (Starczynowski et al., 
2011; Zhao etal., 2013). In general, the basal expression of 
miR-146a is modest, except in certain specialized myeloid cell 
lineages, including Ly-6Clow monocytes and epidermal Langer- 
hans cells, which have constitutively high levels of expression 
(Jurkin etal, 2010; Etzrodt etal, 2012). However, miR-146a 
expression can be highly induced in hematopoietic cells by a 
wide range of infectious and inflammatory stimuli, including 
Toll-like receptor (TLR) ligands, pro-inflammatory cytokines, 
T-cell receptor ligands, as well as numerous pathogens, impli- 
cating a role of miR-146a (Figure 1) in immune cell activa- 
tion and stress-mediated hematopoiesis (So etal, 2013). The 
basal and inducible expression pattern of miR-146a is regu- 
lated by a combination of lineage-specific transcription fac- 
tors, including PU.l and c-ETS (Cameron etal., 2008; Cur- 
tale etal, 2010; Ghani etal., 2011), and activation-dependent 
transcription factors, most notably NF-kB and API (Taganov 
etal, 2006; Ho etal., 2014). In non-hematopoietic cells, miR- 
146a can be upregulated by the transcription factor Snail in 
colorectal cancer stem cells (Hwang etal., 2014), and miR- 
146b is directly induced by transcription factor STAT3 in 
breast epithelial cancer cells (Xiang etal., 2014). The expres- 
sion of miR-146a or miR-146b has not been as extensively 
studied in human hematopoietic cells. However, consistent 
with the mouse studies, miR-146a is expressed at high lev- 
els in human BM CD34-I- HSPC cells (Starczynowski etal., 
2010). 

miR-146a is located within the commonly deleted region 
associated with del(5q) MDS (or 5q-syndrome). MDS are het- 
erogeneous HSC disorders characterized by persistent cytopenia 
due to ineffective hematopoiesis and dysplasia of BM cells. 
As the disease progresses, patients may develop BM failure. 
MDS patients are also at an elevated risk of transforming to 
acute myeloid leukemia (AML; Scott and Deeg, 2011). Despite 
the heterogeneous clinical presentation and variable outcome 
of MDS, many patients have shared underlying pathological 
features. These include peripheral blood cytopenia affecting 
one or more blood lineages (e.g., erythrocytes, granulocytes, 
monocytes, and/or megakaryocytes), and normal/hyperceUular 
marrows with morphological dysplasia (Tefferi and Vardiman, 
2009). As per the diagnostic criteria, blasts account for less 
than 30% of the marrow. Examination of miR-146a in BM 



HSPC from del(5q) MDS patients has revealed reduced expres- 
sion by approximately half, consistent with deletion of a single 
allele (Starczynowski etal., 2010; Votavova etal, 2011; Table 1). 
In addition, miR-146a is consistently downregulated in a large 
non-del(5q) MDS cohort suggesting that multiple mechanisms 
may contribute to its reduced expression in MDS (Table 1; 
Sokol etal, 2011; Zhao etal, 2013). In this non-del(5q) MDS 
cohort, miR-146a consists of a miRNA diagnostic signature 
that can distinguish MDS patients from age-matched controls 
(Sokol etal, 2011). This finding is further confirmed through 
another large cohort of unselected MDS BM samples show- 
ing that miR-146a is down regulated ~5-fold in MDS patients 
as compared to healthy controls; in contrast, such down reg- 
ulation is not consistently observed in AML BM cells (Zhao 
etal., 2013). Although miR-146a is consistently down regu- 
lated in del(5q) MDS, additional miRNAs residing on chr 
5q (i.e., miR-145) may also contribute to aspects of MDS 
pathogenesis. 
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Table 1 | Evidence of low miR-146a expression in MDS. 



Study 


Cell source 


Experimental group 


Control group 


Experimental method 


Sokol (2011) 


BM MNC 


Low or INT-1 


Normal 


microarray 


Starczynowski (2010) 


BM MNC 


del(5q) 


Normal and MDS dip(5q) 


qRT-PCR 


Votavova (2011) 


CD34+ 


del(5q) 


Norma 


qRT-PCR 


Zhao (2013) 


BM MNC 


MDS 


Norma 


qRT-PCR 



BM, bone marrow; MNC, mononuclear cells. 



ROLE OF miR-146a DURING STEADY-STATE HEMATOPOIESIS 

miR-146a germline knockout (miR-146a-/-) mice are born at the 
expected Mendelian frequency and show no obvious abnormah- 
ties at a young age. Furthermore, miR-146a does not appear to be 
essential for fetal and steady-state hematopoiesis in young mice. 
All hematopoietic cell subset frequencies, from primitive HSCs to 
mature myeloid and lymphoid populations, are identical in young 
(~6 week old) miR-146a-/- mice as compared to wild-type (WT) 
mice. In addition, the ability of miR-146a-/- long-term HSCs to 
generate all hematopoietic lineages competitively with WT HSCs 
in lethaUy irradiated recipient mice is nearly identical for up to the 
first 10 months post-transplant. However, after 10 months, miR- 
146a-/- HSCs are out-numbered by co-transplanted WT HSCs 
(Zhao et al, 2013). The subtle cell intrinsic defect seen only in miR- 
146a-/- long-term HSCs after 10 months suggests an interesting 
role of miR-146a in maintaining the self-renewal of long-term 
HSCs. 

The impact of enforced expression of miR-146a on 
hematopoiesis is not as dramatic as miR-146a deletion. Overall, 
most studies have shown a minor impact of miR-146a over- 
expression on HSPC numbers and functions (Opalinska etal., 
2010; Ghani etal., 2011; Starczynowski etal., 2011). It remains 
unclear whether enforced expression of miR-146a would impair 
myelopoiesis under stressed conditions. A recent study has gen- 
erated a transgenic mouse model with constitutive miR-146a 
overexpression via a non-targeted insertion of a lentiviral vec- 
tor containing mouse miR-146a sequence under an ubiquitin 
promoter (Guo etal, 2013). This miR-146a transgenic mouse 
develops spontaneous immune pathologies starting at 3 weeks 
of age that are characterized by enlarged spleen and lymph 
nodes, inflammatory cell infiltration of liver and lungs and 
enhanced expansion of T and B cells. The study suggests that 
the lymphoproliferative and autoimmune pathologies seen in 
this mouse model are due to miR-146a-mediated repression of 
Fas expression in germinal center B cells. This interesting and 
rather surprising result is not what would have been predicted 
based on miR-146a genetic knockout and knockdown studies, 
which have all shown that miR-146a is an important nega- 
tive regulator of cell activation and inflammation in immune 
and non-hematopoietic cells (Cameron etal., 2008; Perry etal., 
2008; Hou etal, 2009; Chassin etal., 2010; Lu etal, 2010; 
Nakasa etal., 2011; Yang etal., 2012). In addition, several pre- 
vious studies have shown that miR-146a overexpression in mouse 
BM transplant models has minimal and at best transient effects 
on hematopoiesis. However, there are two major differences 
between the transgenic model and BM transplant models: the 



distribution of tissue expression and timing of expression. The 
transgenic model overexpresses miR-146a in all tissues, includ- 
ing non-hematopoietic cells, and during embryonic develop- 
ment. Whether overexpression of miR-146a in non-hematopoietic 
tissues and/or enforced expression of miR-146a during fetal 
hematopoiesis contribute to the discrepancy is not known. In 
summary, miR-146a is not essential for hematopoietic cell devel- 
opment, as miR-146a-deficiency does not have major effects on 
steady-state hematopoiesis in young mice; however, miR-146a 
may have a role in the self-renewal of long-term HSCs. On the 
other hand, enforced expression of miR-146a in hematopoietic 
cells also appears to have minimal impact on adult steady-state 
hematopoiesis. 

ROLE 0FmiR-146a DURING STRESSED HEMATOPOIESIS 

In contrast to steady-state hematopoiesis, miR-146a plays a signif- 
icant role in regulating hematopoiesis during stressed conditions. 
Nominal stressors, such as natural aging and repeated low level 
of inflammatory stimulation, have produced striking phenotypes 
in miR-146a-/- mice. This is best illustrated in a series of aging 
studies conducted by examining matched cohorts of WT and 
miR-146a-/- mice over a 2 year period in standard pathogen- 
free conditions (Boldin etal, 2011; Zhao etal., 2011, 2013). At 
2 months of age, miR-146a-/- mice exhibit normal hematopoi- 
etic development; however, at 4 months, miR-146a-/- mice 
develop a transient hypercellular state in the BM accompanied 
with increased number of HSCs and mature cells, reflecting a state 
of increased HSC proliferation and differentiation. By 8 months, 
miR-146a-/- mice become severely depleted of BM cells, while 
spleens become enlarged with predominant myelopoiesis. This 
process of BM depletion and splenic myelopoiesis continues untU 
mice succumb to BM failure and/or pathologic myeloid-related 
diseases. For miR-146a-/- mice beyond 1 year of age, they begin 
to exhibit accelerated mortality from a myeloproliferative disease, 
peripheral pancytopenia, and ultimately myeloid or lymphoid 
cancers. 

The decline of HSC function is observed in younger mice 
and prior to declines in HSC number, as HSCs from four- 
month-old miR-146a-/- mice already exhibit a differentiation 
defect, as compared to WT HSCs in competitive repopulation 
studies. Interestingly, the long-term aging phenotypes can be 
recapitulated in young miR-146a-/- mice through serial injec- 
tion of sublethal doses of LPS (Zhao etal, 2013). Based on these 
observations, we propose that the aging process provides oppor- 
tunities for an organism to encounter a variety of inflammatory 
stimuli, including environmental pathogens, commensal bacteria 
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and endogenous inflammatory mediators. Normally, these inflam- 
matory stimuli are short-lived and stimulate only a transient burst 
of HSC proliferation and myeloid production. The resolution of 
the immune reaction is mediated in part by the upregulation of 
miR-146a. However, in the absence of miR-146a, the inflam- 
matory signal is prolonged, leading to excessive HSC activation 
and myelopoiesis. Furthermore, repeated exposure to unregulated 
inflammatory stimuli ultimately leads to premature exhaustion of 
HSCs and sustained pathological myelopoiesis. 

It was recently shown that HSPCs have an incredible abil- 
ity to release a wide range of cytokines in response to TLR 
stimulation. Not surprisingly, miR-146a-/- HSPCs, namely 
short-term HSCs and multipotent progenitor cells (MPPs), pro- 
duce increased amount of pro-inflammatory cytokines, most 
notably IL-6, TNF-a, GM-CSF and IL-ip, upon TLR stim- 
ulation (Zhao etal., 2014). In addition to the cell-intrinsic 
function within HSPCs, miR-146a also impacts hematopoiesis 
through the regulation of cytokine production in monocytes, 
macrophages and effector T cells. Furthermore, miR-146a is 
shown to function in a number of non-hematopoietic tissues, 
including endothelial cells, gastrointestinal and lung epithe- 
lial cells (Perry etal, 2008; Chassin etal, 2010; Cheng etal, 
2013). Given that non-hematopoietic environments contribute 
to pathologic hematopoiesis, especially tumor induction, seen 
in miR-146a-/- mice (Zhao etal., 2013), it would be prudent 
to examine whether miR-146a regulates the HSC BM niche. In 
addition to hematopoietic development, miR-146a has an indis- 
pensable role in the immune system as a negative regulator of 
mature immune cell activation. The involvement of miR-146a 
in the host immune response against infections and autoim- 
mune diseases has also been extensively studied. This has been 
comprehensively reviewed elsewhere recently (Chan etal., 2013; 
Montagner etal., 2013; So etal., 2013) and will not be covered 
here. 

ROLE OF miR-146a AND INNATE IMMUNE SIGNALING IN 
MDS 

The first evidence that miR-146a deficiency may contribute to 
hematopoietic defects associated with MDS was shown in mice 
with reduced levels of miR- 146a, and a neighboring miRNA (miR- 
145). Knockdown of miR-145 and miR-146a using a miRNA 
decoy approach in mouse HSPC resulted in hematological abnor- 
malities including elevated platelets, neutropenia, megakaryocytic 
dysplasia, and myeloid leukemia. The distinction between miR- 
145 and miR-146a's contribution to the hematopoietic defects has 
been revealed by examination of the miR-146a-deficient mice. 
As described above, knockout of miR- 146a results in an early 
onset of myeloid expansion in the BM, and progression to more 
aggressive diseases such as lymphomas, BM failure, and myeloid 
leukemia (Lu etal., 2010; Boldin etal, 2011; Zhao etal, 2011). 
That the miR- 146a knockout mice do not show evidence of ele- 
vated platelets suggests that loss of miR-145 may contribute to 
thrombocytosis associated with del(5q) MDS patients (Kumar 
etal, 2011). 

At the molecular level, the signaling transducer, TRAF6, is 
a well-characterized target of miR- 146a. TRAF6 expression is 
de-repressed in miR- 146a-/- HSPCs, macrophages, T cells and 



B cells (Boldin etal, 2011; Yang etal, 2012; Zhao etal, 2013). In 
the regulation of hematopoiesis, miR- 146a is shown to function 
through a defined signaling pathway involving TRAF6, NF-kB, and 
IL-6 (Zhao etal., 2013). Overexpression of TRAF6 in mouse HSPC 
using a retroviral approach mimicked some of the hematopoietic 
defects observed in mice with loss of miR- 146a. Enforced TRAF6 
expression also resulted in elevated platelets, neutropenia, dys- 
plasia, and myeloid leukemia in a subset of mice. Some of the 
effects are mediated by IL-6 as overexpression of TRAF6 in IL-6- 
deficient HSPC restored platelets and neutrophil counts. However, 
the IL6-deficiency did not delay BM failure and AML. Despite 
similarities between miR-146a-deficient and TRAF6-transduced 
HSPC, the level of TRAF6 expression in transduced HSPC is at 
least 10-fold higher than observed in miR-146a-deficient HSPC. 
To better understand the contribution of TRAF6 to the miR- 
146a-deficient HSPC phenotype, the enforced expression levels 
of TRAF6 in BM transplant mice need to reflect what is observed 
in miR-146a-deficient HSPC and in MDS patients. 

MOLECULAR CONSEQUENCES OF miR-146a DELETION 

Multiple groups have now validated TRAF6 and IRAKI as key 
targets of miR-146a (Taganov etal., 2006; Hou etal, 2009; Star- 
czynowski et al., 2010; Zhao et al., 201 1; Yang et al, 2012; Rhyasen 
etal, 2013; So etal, 2013). The TRAF6 3' untranslated region 
(UTR) has two or three highly conserved miR- 146a binding 
sites (Taganov etal, 2006; Starczynowski etal., 2010), while 
the IRAKI 3'UTR has two highly conserved miR-146a bind- 
ing sites. When luciferase is fused to the TRAF6 or IRAKI 3' 
UTR, overexpression of miR- 146a results in reduced luciferase 
activity (but not when fused to a 3' UTR with a mutant miR- 
146a binding site), indicating direct binding of miR- 146a to the 
TRAF6 and IRAKI 3' UTR (Taganov etal, 2006; Starczynowski 
etal., 2010). In mouse HSC cells, overexpression of miR-146a 
results in reduced endogenous TRAF6 and IRAKI protein, and 
conversely, knockdown of miR- 146a results in derepression of 
TRAF6 and IRAKI protein (Starczynowski etal, 2010, 2011). 
As highlighted above, strong evidence that miR- 146a regulates 
TRAF6 protein expression comes from miR- 146a knockout mice 
(Boldin et al., 201 1; Zhao et al., 201 1). These mice have increased 
TRAF6 and IRAKI (2-fold) expression within the hematopoi- 
etic compartment. Importantly, in MDS/ AML patients, TRAF6 
and IRAKI protein levels are inversely correlated with miR- 146a 
expression. 

As a transcription factor downstream of TRAF6/IRAK1, 
NF-kB activation can be detected in miR-146a-deficient mono- 
cytes/macrophages, effector T cells and HSCs by gene expression, 
biochemical and NF-kB-GFP reporter mouse studies (Boldin et al., 
2011; Etzrodt etal, 2012; Yang etal, 2012; Zhao etal., 2013; Ho 
etal, 2014). Although miR-146a appears to have a cell-intrinsic 
role in regulating both the long-term HSC self-renewal and HSPC 
proliferation, the molecular consequences of miR- 146a expres- 
sion as they relate to HSC function are still not fuUy understood. 
The canonical NF-kB pathway involving subunits p65 and p50 
is thought to contribute to some of the defects observed in 
the hematopoietic system of miR-146a-deficient mice following 
derepression of TRAF6, as genetic deletion of the p50 subunit 
attenuates some of the pathologies in the absence of miR- 146a. 
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Non-canonical NF-kB signaling, as well as additional signaling 
pathways may also contribute to aspects of hematopoiesis regu- 
lated by miR-146a (Etzrodt etal., 2012). The signaling networks 
regulated by miR- 146a become further complicated as TRAF6 reg- 
ulates additional signaling pathways through its E3 ubiquitin ligase 
domain. As such, future studies to address the molecular mecha- 
nisms controlled by TRAF6 overexpression in miR-146a-deficient 
HSPC need to be performed. 

Although, TRAF6 and IRAKI remain as key targets regulated 
by miR- 146a in the hematopoietic system, other molecules and 
their associated signaling pathways have emerged as direct tar- 
gets of miR-146a (Figure 1). Among them, STATl is shown to 
be a direct target of miR- 146a in regulatory and effector T cells 
(Lu etal, 2010; Wang etal, 2013). We have also found STATl to 
be de-repressed in miR-146a-deficient HSPCs (Zhao etal, 2013). 
CXCR4 may also be a direct target of miR- 146a in megakary- 
opoiesis (Labbaye etal, 2008). Several groups have identified a 
number of interesting targets of miR- 146a in non-hematopoietic 
cells, including HuR in endothelial cells (Cheng etal, 2013) and 
Numb in gastrointestinal cells and melanoma cells (Ghorpade 
etal, 2013; Forloni etal, 2014; Hwang etal., 2014). 

CONCLUSION AND FUTURE DIRECTIONS 

It is established that miR- 146a is a critical and indispensable 
regulator of inflammatory hematopoiesis and immune cell acti- 
vation by repressing two key targets, TRAF6 and IRAKI, and in 
part by regulating NF-kB activation. Furthermore, there is no 
doubt that miR-146a-deficiency is involved in the pathogenesis 
of several human immune-mediated diseases and hematologic 
malignancies, in particular MDS. Recently, three independent 
groups identified Numb as an important target of miR- 146a 
in different cellular and disease contexts, opening up a new 
direction for functional and mechanistic investigation of miR- 
146a. Given the importance and complex functions of miR- 
146a in different tissues, there is a need to further dissect the 
function of miR- 146a, the molecular consequences of aberrant 
TRAF6 and/or IRAKI derepression, and validation of other 
associated mRNA targets in a cell type-and context-specific 
manner through the study of conditional miR- 146a knockout 
mice. There is also a large knowledge gap in the function of 
miR- 146b that shares an identical seed sequence and differs in 
only two nucleotides within the mature sequence. The knowl- 
edge on whether re-expressing or re-introducing miR- 146a has 
therapeutic benefit in hematologic diseases will be an impor- 
tant step in advancing therapies for diseases with diminished 
miR- 146a expression. Lastly, inhibiting the derepressed targets 
of miR-146a, as shown for IRAKI in MDS (Rhyasen etal, 
2013), constitutes another attractive and feasible therapeutic 
approach. 

ACKNOWLEDGMENTS 

Jimmy L. Zhao would like to thank David Baltimore for men- 
torship and guidance regarding miRNA and NF-icB biology. 
The work was supported by a National Research Service Award 
(F30HL1 10691) and UCLA-Caltech Medical Scientist Training 
Program from the National Institutes of Health (Jimmy L. Zhao). 
Daniel T. Starczynowski is supported by Cincinnati Children's 



Hospital Research Foundation, American Society of Hematology 
(ASH), National Institute of Health (ROIHLI 11103), Gabrielle's 
Angel Foundation, and Department of Defense grants. 

REFERENCES 

Baldridge, M. T., King, K. Y., and Goodell, M. A. (2011). Inflammatory sig- 
nals regulate hematopoietic stem cells. Trends Immunol. 32, 57-65. doi: 
10.1016/j.it.2010.12.003 

Boldin, M. P., Taganov, K. D., Rao, D. S., Yang, L., Zhao, J. L., Kalwani, M., 
etal. (2011). miR-146a is a significant brake on autoimmunity, myeloprolifer- 
ation, and cancer in mice /. Exp. Med. 208, 1189-1201. doi: 10.1084/jem.201 
01823 

Cameron, J. E., Yin, Q., Fewell, C, Lacey, IVI., McBride, J., Wang, X., etal. (2008). 

Epstein-Barr virus latent membrane protein 1 induces cellular MicroRNA miR- 

146a, a modulator of lymphocyte signaling pathways. /. Virol. 82, 1946-1958. doi: 

10.1128/JV1.02136-07 
Chan, E. K., CeribeUi, A., and Satoh, M. (2013). MicroRNA-146a in autoimmunity 

and innate immune responses. Ann. Rheum. Dis. 72(Suppl. 2), ii90-ii95. doi: 

10.1136/annrheumdis-2012-202203 
Chassin, C, Kocur, M., Pott, J., Duerr, C. U., Gutle, D., Lotz, M., etal. (2010). 

miR- 146a mediates protective innate immune tolerance in the neonate intestine. 

Cell Host Microbe 8, 358-368. doi: 10.1016/j.chom.2010.09.005 
Chen, C. Z., Li, L., Lodish, H. E, and Bartel, D. P (2004). MicroRNAs modulate 

hematopoietic lineage differentiation. Science 303, 83-86. doi: 10.1126/sci- 

ence.1091903 

Cheng, H. S., Sivachandran, N., Lau, A., Boudreau, E., Zhao, J. L., Balti- 
more, D., etal. (2013). IVIicroRNA-146 represses endothelial activation by 
inhibiting pro-inflammatory pathways. EMBO Mol. Med. 5, 949-966. doi: 
10.1002/emmm.201202318 

Curtale, G., Citarella, E, Carissimi, C, Goldoni, M., Carucci, N., Fulci, 
v., etal. (2010). An emerging player in the adaptive immune response: 
microRNA-146a is a modulator of IL-2 expression and activation-induced cell 
death in T lymphocytes. Blood 115, 265-273. doi: 10.1182/blood-2009-06- 
225987 

Etzrodt, M., Cortez-Retamozo, V., Newton, A., Zhao, J., Ng, A., Wildgruber, M., 

et al. (2012). Regulation of monocyte functional heterogeneity by miR-146a and 

Relb. CellRep. 1, 317-324. doi: 10.1016/j.celrep.2012.02.009 
Eorloni, IVI., Dogra, S. K., Dong, Y., Conte, D. Ir., Ou, J., Zhu, L. etal. (2014). 

miR- 146a promotes the initiation and progression of melanoma by activating 

Notch signahng. Elife 3:e01460. doi: 10.7554/eLife.01460 
Ghani, S., Riemke, P., Schonheit, J., Lenze, D., Stumm, J., Hoogenkamp, M., 

etal. (2011). Macrophage development from HSCs requires PU.l -coordinated 

microRNA expression. Blood 118, 2275-2284. doi: 10.1182/blood-2011-02- 

335141 

Ghorpade, D. S., Sinha, A. Y., Holla, S., Singh, V., and Balaji, K. N. (2013). 
NOD2 -nitric oxide-responsive microRNA-146a activates Sonic hedgehog signal- 
ing to orchestrate inflammatory responses in murine model of inflammatory 
bowel disease. /. Biol. Chem. 288, 33037-33048. doi: 10.1074/jbc.M113. 
492496 

Guo, Q., Zhang, J., Li, Zou, L., Zhang, Xie, Z., et al. (2013). Forced miR- 
146a expression causes autoimmune lymphoproliferative syndrome in mice via 
downregulation of Fas in germinal center B cells. Blood 121, 4875-4883. doi: 
10.1182/blood-2012-08-452425 

Ho,B.C.,Yu,I.S.,Lu,L.E,Rudensky,A.,Chen,H.Y,Tsai,C.W.,etal. (2014). Inhibi- 
tion of miR- 146a prevents enterovirus-induced death by restoring the production 
of type I interferon. Nat. Commun. 5:3344. doi: 10.1038/ncomms4344 

Hou, J., Wang, R, Lin, L., Liu, X., Ma, E, An, H., etal, (2009). MicroRNA- 
146a feedback inhibits RIG-I-dependent Type I IFN production in macrophages 
by targeting TRAF6, IRAKI, and IRAK2. /. Immunol. 183, 2150-2158. doi: 
10.4049/jimmunol.0900707 

Hwang, W. L., Jiang, J. K., Yang, S. H., Huang, T. S., Lan, H. Y, Teng, H. 
W., etal. (2014). MicroRNA- 146a directs the symmetric division of Snail- 
dominant colorectal cancer stem cells. Nat. Cell Biol. 16, 268-280. doi: 10.1038/ 
ncb2910 

Jurkin, J., Schichl, Y. M., Koeffel, R., Bauer, T., Richter, S., Konradi, S., et al. (2010). 
miR- 146a is differentially expressed by myeloid dendritic cell subsets and desen- 
sitizes cells to TLR2-dependent activation. /. Immunol. 184, 4955-4965. doi: 
10.4049/jimmunol.0903021 



www.f rontiersin .org 



July 2014 I Volume 5 | Article 219 | 5 



Zhao ana Starczyiiovvsk 



rniR-146 and HSC 



Kumar, M. S., Narla, A., Nonami, A., Mullally, A., Dimitrova, N., Ball, B., etal. 
(201 1). Coordinate loss of a microRNA and protein-coding gene cooperate in the 
pathogenesis of 5q- syndrome. Blood 118, 4666^673 doi: 10.1182/blood-2010- 

12-324715 

Labbaye, C, Spinello, I., Quaranta, M. T., Pelosi, E., Pasquini, L., Petrucci, E., 
etal. (2008). A three-step pathway comprising PLZE/miR-146a/CXCR4 controls 
megakaryopoiesis. Nat. CdlBiol. 10, 788-801. doi: 10.1038/ncbl741 

Lu, L. E, Boldin, M. P, Chaudhry, A., Lin, L. L., Taganov, K. D., Hanada, T., etal. 
(2010). Function of miR- 146a in controlling Treg cell-mediated regulation of Thl 
responses. Cell 142, 914-929. doi: 10.1016/j.cell.2010.08.012 

Montagner, S., Orlandi, E. M., Merante, S., and Monticelli, S. (2013). The role of 
miRNAs in mast cells and other innate immune cells. Immunol, Rev. 253, 12—24. 
doi: 10.1111/imr.l2042 

Nakasa, T., Shibuya, H., Nagata, Y., Niimoto, T., and Ochi, M. (201 1). The inhibitory 
effect of microRNA- 146a expression on bone destruction in collagen-induced 
arthritis. Arthritis Rheum. 63, 1582-1590. doi: 10.1002/art.30321 

O'Connell, R. M., and Baltimore, D. (2012). MicroRNAs and hematopoietic cell 
development. Curr. Top. Dev. Biol. 99, 145-174. doi: 10.1016/B978-0-12-387038- 
4.00006-9 

O'Connell, R. M., Rao, D. S., Chaudhuri, A. A., and Baltimore, D. (2010). Physio- 
logical and pathological roles for microRNAs in the immune system. Nat. Rev. 
Immunol. 10, 111-122. doi: 10.1038/nri2708 

Opalinska, ]. B., Bersenev, A., Zhang, Z., Schmaier, A. A., Choi, Yao, Y, etal. 

(2010) . MicroRNA expression in maturing murine megakaryocytes. Blood 116, 
el28-el38. doi: 10.1182/blood-2010-06-292920 

Perry, M. M., Moschos, S. A., Williams, A. E., Shepherd, N. J., Lamer- Svensson, 
H. M., and Lindsay, M. A. (2008). Rapid changes in microRNA-146a expres- 
sion negatively regulate the IL-lbeta-induced inflammatory response in human 
lung alveolar epithelial cells. ]. Immunol. 180, 5689-5698. doi: 10.4049/jim- 
munoL180.8.5689 

Rhyasen, G. W., Bolanos, L., Eang, J., Jerez, A., Wunderlich, M., Rigolino, C, etal. 

(2013). Targeting IRAKI as a therapeutic approach for myelodysplastic syndrome. 

Cancer Cell 24, 90-104. doi: 10.1016/j.ccr.2013.05.006 
Scott, B. L., and Deeg, H. J. (201 1). Myelodysplastic syndromes. Annu. Rev. Med. 61, 

345-358. doi: 10.1146/annurevmed.051308.132852 
So, A. Y., Zhao, J. L., and Baltimore, D. (2013). The Yin and Yang of microRNAs: 

leukemia and immunity. Immunol. Rev. 253, 129-145. doi: 10.1111/imr.l2043 
Sokol, L., Caceres, G., Volinia, S., Alder, H., Nuovo, G. J., Liu, C. G., etal. 

(2011) . Identification of a risk dependent microRNA expression signature in 
myelodysplastic syndromes. Br. J. Haematol. 153, 24-32. doi: 10.1111/j.l365- 
2141.2011.08581.x 

Starczynowski, D. T., Kuchenbauer, R, Argiropoulos, B., Sung, S., Morin, R., 
Muranyi, A., etal. (2010). Identification of miR-145 and miR-146a as medi- 
ators of the 5q- syndrome phenotype. Nat. Med. 16, 49-58. doi: 10.1038/ 
nm.2054 

Starczynowski, D. T., Kuchenbauer, E., Wegrzyn, J., Rouhi, A., Petriv, O., Hansen, 
C. L., etal. (2011). MicroRNA-146a disrupts hematopoietic differentiation and 
survival. Exp. Hematol. 39, 167-I78.e4. doi: I0.1016/j.exphem.2010.09.011 



Taganov, K. D., Boldin, M. R, Chang, K. J., and Baltimore, D. (2006). NE-kappaB- 
dependent induction of microRNA miR- 146, an inhibitor targeted to signaUng 
proteins of innate immune responses. Proc. Natl. Acad. Sci. U.S.A. 103, 12481- 
12486. doi: 10.1073/pnas.0605298103 

Tefferi, A., and Vardiman, J. W. (2009). Myelodysplastic syndromes. N. Engl. J. Med. 
361, 1872-1885. doi: 10.1056/NEJMra0902908 

Votavova, H., Grmanova, M., Dostalova Merkerova, M., Belickova, M., Vasikova, 
A., Neuwirtova, R., et al. (201 1). Differential expression of microRNAs in CD34-t- 
cells of 5q- syndrome. /. Hematol Oncol. 4:1. doi: 10.1186/1756-8722-4-1 

Wang, S., Zhang, X., Ju, Y., Zhao, B., Yan, X., Hu, J., el al. (2013). MicroRNA-146a 
feedback suppresses T cell immune function by targeting Stall in patients with 
chronic hepatitis B. /. Immunol. 191, 293-301. doi: 10.4049/jimmunol.l202100 

Xiang, M., Birkbak, N. J., Vafaizadeh, V., Walker, S. R., Yeh, J. E., Liu, S., et al. (2014). 
STAT3 induction of miR- 146b forms a feedback loop to inhibit the NF-kappaB 
to IL-6 signaling axis and STAT3-driven cancer phenotypes. Sci. Signal. 7:rall. 
doi: 10.1126/scisignal.2004497 

Yang, L., Boldin, M. R, Yu, Y., Liu, C. S., Ea, C. K., Ramakrishnan, R, etal. (2012). 
miR- 146a controls the resolution of T cell responses in mice. /. Exp. Med. 209, 
1655-1670. doi: 10.1084/jem.20I12218 

Zhao, J. L., Ma, C, O'Connell, R. M., Mehta, A., DiLoreto, R., Heath, J. R., etal. 
(2014). Conversion of danger signals into cytokine signals by hematopoietic stem 
and progenitor cells for regulation of stress-induced hematopoiesis. Cell Stem Cell 
14,445-459. doi: 10.1016/j.stem.2014.01.007 

Zhao, J. L., Rao, D. S., Boldin, M. R, Taganov, K. D., O'Connell, R. M., and Baltimore, 
D. (2011). NE-kappaB dysregulation in microRNA- 146a-deficient mice drives 
the development of myeloid malignancies. Proc. Natl. Acad. Sci. U.S.A. 108, 
9184-9189. doi: 10.1073/pnas.ll05398108 

Zhao, J. L., Rao, D. S., O'Connell, R. M., Garcia-Elores, Y, and Baltimore, D. (2013). 
MicroRNA- 146a acts as a guardian of the quality and longevity of hematopoietic 
stem cells in mice. Elife 2:e00537. doi: 10.7554/eLife.00537 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 20 May 201 4; paper pending published: 03 June 2014; accepted: 24 June 2014; 
published online: 09 July 2014. 

Citation: Zhao JL and Starczynowski DT (2014) Role of microRNA-146a in nor- 
mal and malignant hematopoietic stem cell function. Front. Genet 5:219. doi: 
10.3389/fgene.2014.00219 

This article was submitted to Non-Coding RNA, a section of the journal Frontiers in 

Genetics. 

Copyright © 2014 Zhao and Starczynowski. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, dis- 
tribution or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Genetics | Non-Coding RNA 



July 2014 I Volume 5 | Article 219 | 6 



